Introduction
Atherosclerosis is a disease of aging and inflammation. Although often viewed in the context of aberrant cholesterol biology, the mechanisms responsible for atherosclerosis are multifaceted and complex and extend beyond dyslipidemia (1) (2) (3) (4) (5) . A striking example comes from epidemiologic studies in humans, which have identified arterial stiffening as a cholesterol-independent risk factor for a first cardiovascular event (6) (7) (8) (9) . Indeed, recent work by us and others shows that increased ECM and arterial stiffness stimulate endothelial permeability, leukocyte transmigration, and monocyte/macrophage adhesion to subendothelial matrix proteins (10, 11) . Conversely, pharmacologic blockade of arterial stiffening can reduce atherosclerotic lesion burden in apolipoprotein E-null (apoE-null) mice even in the presence of high cholesterol (10) .
Arterial stiffness reflects the counterbalancing effects of fibrillar collagens and elastin. Fibrillar collagens contribute to the strain-stiffening property of arteries while elastin allows for recoil (12) . Newly synthesized fibrillar collagens and elastin are also cross-linked by lysyl oxidases, and this cross-linking contributes to the mechanical properties of these proteins. Although fibrillar collagens can be synthesized and cross-linked throughout life, elastin biosynthesis is restricted to prenatal and early postnatal life (12) (13) (14) (15) . Thus, elastin-associated changes in arterial stiffness are mostly regulated by degradation. MMPs have important roles in regulating ECM protein degradation, and MMP inhibition has been tested clinically though outcomes have been confounded by the use of broad-spectrum inhibitors (16) .
We previously described an important role for MMP12, a potent elastase (17, 18) , in arterial stiffening with age and in the response to vascular injury in mice (19) . Although the MMP12 effect on aging-and injury-associated arterial stiffening was attributed primarily to its expression by vascular smooth muscle cells (SMCs) (19) , the role of MMP12 in animal models of atherosclerosis has more commonly been associated with its expression by macrophages (20) (21) (22) . Additionally, work by Johnson et al. (23) suggests a Arterial stiffening is a consequence of aging and a cholesterol-independent risk factor for cardiovascular disease (CVD). Arterial stiffening and CVD show a sex bias, with men more susceptible than premenopausal women. How arterial stiffness and sex interact at a molecular level to confer risk of CVD is not well understood. Here, we used the sexual dimorphism in LDLR-null mice to show that the protective effect of female sex on atherosclerosis is linked to reduced aortic stiffness and reduced expression of matrix metalloproteinase-12 (MMP12) by lesional macrophages. Deletion of MMP12 in LDLR-null mice attenuated the male sex bias for both arterial stiffness and atherosclerosis, and these effects occurred despite high serum cholesterol. Mechanistically, we found that oxidized LDL stimulates secretion of MMP12 in human as well as mouse macrophages. Estrogen antagonizes this effect by downregulating MMP12 expression. Our data support cholesterol-independent causal relationships between estrogen, oxidized LDL-induced secretion of macrophage MMP12, and arterial stiffness that protect against atherosclerosis in females and emphasize that reduced MMP12 functionality can confer atheroprotection to males. potential therapeutic benefit of MMP12 inhibition because a highly specific MMP12 pharmacologic inhibitor attenuated atherosclerosis in apoE-null mice. The reduced lesion burden in these mice was associated with decreased elastin fragmentation and decreased macrophage abundance/invasion (23) . The extrapolation of results from mice to humans must be viewed with caution, but MMP12 has also been identified as a candidate locus in human atherosclerosis, stroke, and cardiometabolic disease (24) (25) (26) (27) . In particular, MMP12 protein has been localized to macrophage-rich (CD68 + ) regions of human atherosclerotic plaques, where its expression correlates with elastin breakdown (26) . Yet how MMP12 promotes atherosclerosis and how its expression is regulated remains largely unknown despite the likely importance of these issues in helping to identify patient populations that might benefit from MMP12 inhibition.
The relationship between age and atherosclerosis is particularly evident in women, who are relatively protected from cardiovascular disease until menopause (28) (29) (30) (31) (32) (33) (34) . The beneficial cardiovascular characteristics of female sex are diverse and include decreased blood pressure, a beneficial serum lipid profile, improved endothelial function, decreased abundance of thrombotic plaques, reduced oxidative stress, and increased expression of SMC Cox2 (28, 30, (35) (36) (37) . Many, but not all, of these protective phenotypes have been linked to the antiatherogenic effects of estrogen acting through estrogen receptor-α (28, 30, 35, 37) . Arterial stiffness is also reduced in premenopausal women as compared with age-matched men, and estrogen replacement therapy has been reported to decrease arterial stiffness in postmenopausal women (31) (32) (33) (34) . But how these sex and estrogen effects on arterial stiffness and atherosclerosis are linked causally or mechanistically is not known. Here we used the known sexual dimorphism of the LDLR-null mouse model (37, 38) to causally link reduced expression of MMP12 to reduced arterial stiffness and atherosclerosis in females. Mechanistically, we show that estrogen selectively inhibits MMP12 expression and secretion in macrophages treated with oxidized LDL (Mox macrophages). Remarkably, deletion of MMP12 in the LDLR-null mouse extends atheroprotection to males even in the presence of high cholesterol.
Results
Sex differences in atherosclerosis linked to arterial stiffness and MMP12. To examine relationships between female sex, arterial mechanics, and atherosclerosis, female LDLR -/mice were bilaterally ovariectomized and then placed on a high fat-diet in the absence and presence of infused 17β-estradiol (E2) from 8 to 24 weeks of age. Atherosclerotic lesion burden ( Figure 1 , A and B) in the female LDLR -/mice was increased upon ovariectomy (compare arrow and left box in Figure 1B ). Estrogen replacement strongly reduced lesion burden in these ovariectomized mice ( Figure 1 , A and B). Atomic force microscopy (AFM) showed that these effects of ovariectomy and exogenous E2 on lesion burden were matched by changes in arterial stiffness ( Figure 1C ). Plasma cholesterol levels remained highly elevated in the ovariectomized mice with or without E2 replacement ( Figure 1D ). The data support a cholesterol-independent causal relationship between estrogen, atherosclerosis, and arterial stiffness in female mice.
We searched for potential molecular targets of the estrogen effect on arterial stiffening in atherosclerosis by comparing the gene expression profiles of several atherosclerosis-associated ECM components and ECM-regulating MMPs in the aortas of male LDLR -/mice before and after high-fat diet (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.122742DS1). We did not find pronounced differences in the gene expression profiles of collagen type I (the most abundant arterial fibrillar collagen), fibronectin, or lysyl oxidase in LDLR -/mice with time on a high-fat diet. However, we did find a striking induction of MMP12 mRNA with time on a high-fat diet that greatly exceeded the differential expression of MMP2 or MMP9, 2 MMPs frequently studied in the context of vessel wall remodeling and atherosclerosis (22, 39, 40) . These results support prior work showing that MMP12 is highly expressed in atherogenic lesions and that transgenic MMP12 expression stimulates atherosclerosis while MMP12 depletion or pharmacologic inhibition reduces atherosclerosis in animal models (20, 21, 23, 41, 42) . Moreover, interrogation of an existing genome-wide analysis of aortas from apoE -/mice (GSE13865) showed that the levels of MMP12 mRNA greatly exceeded that of any other MMP, particularly in the atheroprone regions (Supplemental Figure 1B) . Thus, atherosclerosis in the 2 most commonly used mouse models is associated with a pronounced and preferential increase in MMP12 gene expression.
Because MMP12 can degrade elastin and increase arterial stiffness (19) , we hypothesized that MMP12 expression might be lower in female LDLR -/mice than age-matched males. Indeed, male LDLR -/mice expressed more MMP12 protein in macrophage-containing (CD68 + ) aortic root lesions than the LDLR -/females ( Figure 1 , E and F, closed arrowheads, and Supplemental Figure 2 ). In contrast, we did not notice a reduced expression of MMP12 in the (largely SMC-derived) stromal compartment of aortic root lesions from male versus female LDLR -/mice ( Because of the increasingly appreciated role of cellular senescence in the pathogenesis of atherosclerosis (43) , we wondered if the reduced arterial stiffness and MMP12 expression seen in female arteries might be related to an effect of MMP12 on cell senescence. We compared arteries of WT and MMP12-null mice for expression of p16 INK4a , an established senescence marker. Consistent with other studies (44) (45) (46) , we found both cytoplasmic and nuclear staining for p16 INK4a (Supplemental Figure 4A ), but the signal intensities were independent of MMP12 status (Supplemental Figure 4B) . Similarly, MMP12 did not affect blood pressure in 6-month-old mice of either sex (Supplemental Figure 4C ), a result also seen by others in atheroprone mice (47) .
Male sex bias for arterial stiffening and atherosclerosis eliminated by deletion of MMP12. We generated male and female MMP12 -/mice on the LDLR -/background and placed them on a high-fat diet from 8 to 24 weeks to determine whether differential MMP12 expression could explain the effect of sex on arterial stiffness and lesion burden. In situ enzymatic activity assays indicated that MMP12 contributes about half of total lesional elastase activity (Supplemental Figure 5, A and B ). The levels (Supplemental Figure 5 , C and D) and structure (Supplemental Figure 5E ) of collagen type I were similar in the presence or absence of MMP12.
Consistent with results in Figure 1 , AFM revealed direct relationships between sex, arterial stiffness, and lesion burden in LDLR -/mice on a high-fat diet. The aortas of the males were stiffer than the females (Figure 2A ), and the extent of Oil Red O staining was greater ( Figure 2 , B and C). Moreover, deletion of MMP12 eliminated the male sex bias in both arterial stiffness and atherosclerosis, reducing both parameters to the levels seen in females ( Figure 2 , A and C). The cardiovascular risk associated with increased arterial stiffness is cholesterol-independent in humans (6) (7) (8) (9) . Similarly, the sex-associated changes in arterial stiffness and lesion burden of LDLR -/mice seen in response to female sex and deletion of MMP12 occurred without changes in total blood cholesterol and despite its elevation by high-fat diet ( Figure 2D ).
Cellular analysis of aortic root lesions showed that macrophage abundance, as determined by staining for CD68, was low in high-fat-fed female LDLR -/mice as compared with age-matched males; this sex difference was also attenuated by deletion of MMP12 ( Figure 3, A and B) . In contrast, SMC content in these lesions, as determined by staining for α-SMA, was less affected by sex or the presence or absence of MMP12 ( Figure 3 , A and C).
Selective inhibition of MMP12 expression by estrogen in human macrophages. We then directly tested the relationships between estrogen and MMP12 in macrophages and SMCs. To make the macrophage experiments particularly relevant to atherosclerosis, female blood-derived human monocytes were differentiated in vitro with macrophage colony stimulating factor (MCSF) and treated with oxidized LDL to generate the Mox phenotype (48) . The Mox cells were then incubated with selected concentrations of E2 ( Figure 4A ). Interestingly, oxidized LDL increased MMP12 protein levels in the condition media of the human Mox macrophages compared with the untreated controls (M0) ( Figure 4B ), and this effect was independent of changes in MMP12 gene expression ( Figure 4C ). In contrast, E2 inhibited levels of secreted MMP12 in these human cells ( Figure 4D ), and this inhibitory effect corresponded to reduced expression of MMP12 mRNA ( Figure 4E ). In contrast, E2 had minimal effect on MMP12 gene expression in human female SMCs ( Figure 4F ). We repeated this entire analysis in bone marrow-derived mouse macrophages and found that the inhibitory effects of E2 on MMP12 gene expression and secretion were also observed in mouse Mox cells (Supplemental Figure 6 , A-D), whereas MMP12 expression in female mouse SMCs was resistant to E2 (Supplemental Figure 6E) .
As expected, Oil Red O staining was increased in Mox macrophages relative to the M0 controls ( Figure  5, A and B) . However, inhibition of MMP12 gene expression by E2 occurred without reduction in the level of Oil Red O staining ( Figure 5 , A and C), indicating that the estrogen-mediated inhibition of macrophage MMP12 is not due to efflux of oxLDL. Neither cell viability (Supplemental Figure 7A ) nor cell senescence, as judged by the expression of p16 INK4a (Supplemental Figure 7 , B and C), were affected by E2.
Discussion
Our results indicate that inhibition of macrophage MMP12 expression contributes to the protective effect of female sex on arterial stiffness and atherosclerosis and that this effect is independent of changes in serum cholesterol. Mechanistically, we show that the uptake of oxLDL causes an increase in MMP12 secretion by macrophages, and this increase is mitigated by estrogen, thus pointing to a potential mechanism by which female sex protects from atherosclerosis. Because arterial stiffening increases macrophage adhesion to substratum (10), we suggest that the ability of estrogen to reduce lesional MMP12 in females short-circuits a feedback loop that perpetuates arterial stiffening and lesional macrophage abundance ( Figure 5D ). We note that MMP12 is also expressed in lesional SMCs, and SMC MMP12 likely contributes to the overall pool of elastase activity in atherosclerosis. However, the similar levels of stromal MMP12 in male and female LDLR -/mice and, in particular, the lack of an estrogen effect on MMP12 gene expression by cultured SMCs indicate that the sex dependency of arterial stiffening and atherosclerosis is more strongly linked to the MMP12 expressed in macrophages.
In addition to our work, which reveals a likely atheroprotective benefit of reduced arterial stiffness (this report and ref. 10), we note complementary findings by others demonstrating a direct relationship between increased arterial stiffness and increased atherosclerosis in atheroprone mice (49) (50) (51) (52) . Two recent reports using heterozygous expression of elastin indicate that increased arterial stiffness likely accelerates (rather than increases the maximal amount of) lesion burden and that this effect may be site specific and involve nonmechanical factors such as blood pressure and circulating soluble factors (49, 53) .
Although several studies have implicated MMP12 in atherosclerotic lesion burden (20-23, 41, 42) , the direct effects of oxLDL on macrophage MMP12 have not been previously described, perhaps because of a lack of effects on the transcription level (this report and ref. 54) . Similarly, others have not observed a sex difference in lesion burden between male and female high-fat-fed apoE-null mice given either vehicle or a pharmacologic MMP12 inhibitor (23) . This difference in results may reflect subtleties of experimental conditions or the reduced sexual dimorphism of the apoE-null mouse as compared with LDLR-null mice (38) . Our data in the LDLR-null mice suggest that MMP12 inhibition therapy might particularly benefit men with high cholesterol who are not responsive to standard treatment, such as statins. Direct testing of this model will be an important matter for further study. How might elastin degradation by MMP12 contribute to arterial stiffening? Fibrillar collagens and elastin have distinguishable and complementary roles in regulating arterial stiffness, with elastin bearing most of the mechanical load at relative low pressures and fibrillar collagen (primary collagen type I) bearing most of the load at higher pressures (12, 55) . When isolated arteries are treated with elastase, adventitial collagen fibers straighten (56) , an indicator of strain stiffening. These studies suggest that elastin degradation by MMP12 may lower the threshold at which the mechanical burden is shifted to strain-stiffening arterial collagens.
Although our results are consistent with female sex and estrogen reducing MMP12-associated elastase activity, we do not exclude the possibility that sex differences in MMP12 abundance may also affect arterial stiffness indirectly through effects on other MMPs, other ECM components, or matrikines (57) (58) (59) . It is also possible that the reduced lesional abundance in MMP12 -/mice results in part from non-stiffness-mediated effects of MMP12. For example, cell infiltration of MMP12 -/macrophages and PMNs into basement membrane is reduced in vitro and in vivo (60) (61) (62) . In addition, MMP12 can exert proinflammatory functions, including stimulating release of cytokines like TNFα and IL-6 (63, 64) as well as production of inducible nitric oxide synthase (65); its loss may reduce leukocyte recruitment, proliferation, survival, and function. New work suggests intracellular MMP12 has effects on transcription (66) . Thus, inhibition of macrophage-derived MMP12 by estrogen may reduce lesional abundance and protect from inflammatory damage in multiple ways. Conversely, multiple biological pathways can affect arterial stiffness (67) , and these pathways may also contribute to the protective effects of female sex and estrogen. Finally, the dose of estrogen may be important and should be thoroughly assessed in future studies, as well as potential contributory effects of estrogen from other cell types. We have used the sexual dimorphism of the LDLR-null mouse, isolated mouse and human macrophages and SMCs, and genome-wide analysis to explore the basis of atheroprotection in females. Our results point to an important role for MMP12 and lead us to posit that an estrogen-dependent inhibition of macrophage MMP12 expression contributes to the protective effect of female sex on arterial stiffness and atherosclerotic lesion burden. The potential biomedical importance of our observations is emphasized by our finding that loss of MMP12 activity extends atheroprotection to males even in the presence of high cholesterol. 
Methods
Animals. C57BL/6 (WT), MMP12-null, and LDLR-null mice lines were obtained from Jackson Laboratories. Mice on the LDLR-null background were fed a diet containing 21% fat and 0.15% cholesterol (PMI LabDiet 40097) from 8 to 24 weeks. Aortas were isolated from the heart to the diaphragm, and a small portion of thoracic aortas near the diaphragm was used to determine the elastic modulus by AFM (see Supplemental Methods). The remainders of the aortas were used for en face Oil Red O staining. Aortic root cross-sections were obtained from fresh-frozen optimal cutting temperature medium-embedded hearts and immunostained with CD68, α-SMA, or MMP12. See Supplemental Methods for details of Oil Red O staining, immunostaining, and use of aortas for isolation of RNA.
Human macrophage culture and treatment with estradiol. Peripheral blood monocytes from healthy donors (females aged 23-29 years) were obtained from the Human Immunology Core (University of Pennsylvania). The isolated monocytes from each donor were cultured at 10 6 cells/ml in complete media (RPMI-1640 media, 10% human serum [Sigma-Aldrich], 1% penicillin/streptomycin) and 20 ng/ml human recombinant MCSF (r-MCSF) (PeproTech). For each donor, 10 6 cells were seeded in ultralow attachment 24-well plates (Corning) with 3 to 4 replicates seeded per condition and differentiated independently as outlined below in each of the 2 independent experiments. The medium was refreshed after 3 days. On the fifth day, the medium was replaced with fresh r-MCSF-supplemented complete media with oxLDL (50 μg/ml; Alfa Aesar) and incubated for 1 day to differentiate the cells into Mox. On the sixth day, the medium was refreshed with r-MCSF-supplemented complete media in the absence (control) or presence of estradiol (E2) (Sigma-Aldrich), which was dissolved in ethanol at 10 -5 M and used at final concentrations of 10 -12 , 10 -10 , and 10 -8 M. The cells were incubated with E2 for 48 hours. M0 cells were cultured in parallel throughout the incubations and refreshed at the times described above with culture medium lacking oxLDL and E2. On the eighth day, conditioned media was briefly centrifuged (7 minutes at 400 × g at room temperature), and the remaining cells were collected after gentle scraping. A small portion of the cells was used to determine viability by exclusion of Trypan Blue Solution, 0.4% (Thermo Fisher Scientific), using a Countess automated cell counter (Invitrogen), and the remainder were lysed in RNAqueous lysis buffer (Thermo Fisher Scientific). Both the conditioned media and cells lysates were stored at -80°C. MMP12 secretion was measured by ELISA (Abnova) according to the manufacturer's instructions using 100 μl of the clarified conditioned media. Isolated RNA was analyzed by reverse transcription qualitative PCR (see Supplemental Methods).
To test for potential effects of E2 on lipid accumulation, replicate cultures were washed, fixed in 3.7% formaldehyde, incubated with 60% isopropanol for 5 minutes, stained with filtered Oil Red O (0.4% in water; 12 minutes), and rinsed twice with 60% isopropanol and 3 times with PBS before imaging. Images of Oil Red O-stained macrophages were captured digitally and converted to 8-bit, inverted images in Fiji. Individual cells (typically > 30 per independent replicate) were circled using the freehand tool; the area and integrated density were then determined using the Measure command. Background integrated density/area was similarly determined from several fields lacking cells for each sample, and the background signal was subtracted to yield net integrated density/area. The results were plotted as Oil Red O intensity.
Human SMC culture and treatment with estradiol. Female human aortic SMCs (Lonza) were cultured in SMC basal medium supplemented with SmGM-2 SingleQuots Supplements and Growth Factors (Lonza). Nearly confluent cells in 60-mm dishes were serum-starved for 2 days in SMC basal medium and 1 mg/ml heat-inactivated fatty acid-free BSA, pretreated with 0-10 -8 M estradiol for 30 minutes, and stimulated with 20% FBS in the continued presence of estradiol for 24 hours.
Mouse ovariectomy and 17β-estradiol replacement. LDLR -/mice were bilaterally ovariectomized at approximately 6 weeks of age largely described (68) . Mice were allowed 2 weeks to recover from the ovariectomy surgery before implantation of subcutaneous slow-release 17β-estradiol pellets (Innovative Research of America) with the test concentration (8 μg/day) similar to that used by others (37, 69, 70) . Mice were fed the high-fat diet in the absence or presence of exogenous E2 from 8 to 24 weeks old.
Statistics. Multiple comparisons were analyzed using 1-way ANOVA followed by Tukey's or Dunnett's multiple comparison tests. Comparisons between 2 conditions used Mann-Whitney tests. A P value of less than 0.05 was considered statistically significant. Statistical analysis was performed in Prism GraphPad.
Study approval. Animal experimentation in this study was approved by the Institutional Animal Care and Use Committees of the Wistar Institute and University of Pennsylvania.
